=

7R, U.S. DEPARTMENT OF
+2/ENERGY

rrrrrrrr

Bringing Science Solutions to the World Office of Science

TESSERACT: dark matter detection with
transition edge sensors and multiple targets

Xinran Li
Physics department, Lawrence Berkeley Laboratory
The TESSERACT collaboration

12/03/2022
DBD23, Waikoloa Village, Hawaii

TESSERACT




rrrrrr

H BERKELEY LAB

Bringing Science Solutions to the World

The TESSERACT project

Recent progress

EEEEEEEEEEEEEE

Office of Science

Coming up next

Direct search for low-mass
dark matter

Transition Edge Sensors
(TESs) with Sub-EV
Resolution And Cryogenic
Targets

Polar crystal -- SPICE
Superfluid helium - HeRALD

Dark matter search with a
10g, 10eV threshold silicon
detector

~71eV threshold detector
Low energy excess events
Low Tc, low stress films
Proof-of-principle HeRALD
detector operation

Two-channel devices
Second helium detector for
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Underground experiment
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Direct detection for low-mass dark matter
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Direct detection for low-mass dark matter

Low threshold

Target with light element

m, = 1 GeV/c?

uclear recoil DM
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Dark photon coupling

Direct detection for low-mass dark matter

Low threshold

Target with light element

Polar crystal: optical phonons, dark

photon coupling.
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Direct detection for low-mass dark matter
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TESSERACT & Athermal phonon sensor

. Athermal Phonon Collection Fins (Al)

. TES and Fin-Overlap Regions (W)
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TESSERACT & Athermal phonon sensor

. Athermal Phonon Collection Fins (Al)

340 peV

Hertel, Scott A. Ph. D. Thesis 2021

. TES and Fin-Overlap Regions (W) Tc=1.2K A
oA N
\ Z ~12 pev
si) To~50mK
v/ 4 photon He atom Al
_.-':;'.:':-'. ! 4 w
. ] -.' . .
phonon ™. / phonon/ Quasiparticles W kbiaeest
/ ~., roton
..-"‘ % ' N
35 “._phonon .. %photon/
o LA excimer N Ge
AloO3 GaAs - . LHe )
Polar crystals: SPICE Superfluid helium: HeRALD 4
>
0 ISP
rrerreers | ® QO
BERKELEY LAB \.Q O
Lamrerce Berketey Natonal Labor atory Vn Q
FLORIDA STATE. Q

| Argonne &

& UNIVERSITY OF NATIONAL LABORATORY
TEXAS ASM - Jynatieny

Wy Ambherst ©KEK




TESSERACT: SPICE

Use polar crystals as targets.
© ALQO,
+ GaAs

GaAs is also a great cryogenic scintillator, can
use photons to do background discrimination.

Currently use silicon substrate for fast R&D:

* Tune TES film Tc to achieve sub-eV energy
threshold. 55mK Tc — 20mK Tc
* Understand noise and background.

GaAs and Al,O, R&D in parallel.
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TESSERACT: HeRALD

Use superfluid helium as target.

Use silicon photon detector as
sensor.

* 16eV scintillation photon

arXiv:2307.11877

*  Quantum evaporation from
rotons and phonons

Currently focus on understanding
the detector response

* Roton detection efficiency
*  Quantum evaporation gain
«  Superfluid helium response

Xinran Li, DBD23, Waikoloa Village, Hawaii | BERKELEY LAB

" Detector at UMass
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Dark matter search with 10g, 10eV threshold Si detector

Same detector for the HeRALD readout.

Large spectrum: Energy region of interest

Inset: High energy region with 1.48keV Al k-alpha
calibration peak
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Preliminary limit on nuclear recoil dark matter.
Low-energy reach competes with Migdal effects.

10—26 L

10-28 |
& 1073
€
S
c 10—32
o
S
8 10734}
(V)]
%
e 10—36
(@] = CPD-V2, this work —— CRESST-1112019

10-38 | —— CDMS CPD-V1 2021 LUX Migdal 2019 SS=

CDMSLite 2023 Xenon-1T Migdal 2020
S iaiale EDELWEISS NbSi Migdal 2022 —— Collar 2018
10 . EDELWEISS RED20 Migdal 2019  --- DarkSide Migdal 2023
—— CRESST-III Si 2022
10—42 | |
1072 107! 10°

DM Mass [GeV]



Dark matter search with 10g, 10eV threshold Si detector
Same detector for the HeRALD readout

Large spectrum: Energy region of interest Preliminary limit on nuclear recoil dark matter.

Inset: High energy region with 1.48keV Al k-alpha  Low-energy reach competes with Migdal effects.
calibration peak ,
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~1eV threshold detector

Reduce target mass. Reduce surface coverage.

1cm? 1mm thick silicon
detectors.

Free-hanging from wire
bonds to reduce stress.
SPICE 1%: ~273 meV
(sigma) energy resolution
in phonon system

SPICE 0.25%: ~460 meV

(sigma) energy resolution
in phonon system
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https://indico.slac.stanford.edu/event/8288/contributions/7765/attachments/3735/10116/Romani_CPAD_2023.pdf

~1eV threshold detector

Reduce target mass. Reduce surface coverage.

405nm Laser, 0.25% SPICE Prototype

1cm? 1mm thick silicon
detectors.

SPICE1%

Free-hanging from wire
bonds to reduce stress.
SPICE 1%: ~273 meV
(sigma) energy resolution
in phonon system

SPICE 0.25%: ~460 meV
(sigma) energy resolution
in phonon system

TESSERACT
Preliminary

Energy in Right Channel, Photon Calibrated (eV)

Ene‘}gy in Leﬁ Channezl, PhotonECaIibratéd (eV) 2

1% SPICE Prototype Device

B

—— 450 nm Fit
—— 405 nm Fit

TESSERACT = #stm
Preliminary
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10

Energy calibrated with
optical photons!
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CPAD Talk 2023 (stanford.edu)
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https://indico.slac.stanford.edu/event/8288/contributions/7765/attachments/3735/10116/Romani_CPAD_2023.pdf
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Low energy excess events

Stress related low energy events.

Counts/(eV s)

High stress mounting introduce higher rate.

Rate decays exponentially with cold time.

Events of same spectrum and decay observed in many
experiments. Non-ionizing.

1075 i ‘ ]
. . - 0 20 40 60 80 100 120 140
— Hanging device + low stress film. Energy absorbed in TES (eV)
A Al Fins Cooper Pairs Quasiparticles
W TES 10! b ............
Athermal puuEEE . @3 00 e
Phonons .
Si Crystal ¢ High Stress, 3 eV to 38 eV rate
y‘ Microfractures Glue . ¢ Low Stress, 3 eV to 38 eV rate
* 10 High Stress, 85 eV + rate 3
= ¥ Low Stress, 85 eV + rate ]
z + High Stress, 38 eV to 85 eV rate |1
= ¥ Low Stress, 38 eV to 85 eV rate |]
<
2
©
'3
1072 JREE T i Bt ke
& 1073

Xinran Li, DBD23, Waikoloa Village, Hawaii | BERKELEY LAB arxiv:2208.02790 60 80 Time Aftelrogooldown (fo%rs) 140 160



https://arxiv.org/pdf/2208.02790.pdf

Low energy excess events

Stress related low energy events.

High stress mounting introduce higher rate.
Rate decays exponentially with cold time. : . 3
Events of same spectrum and decay observed in many SPICE 1% Power Noise over Time

experiments. Non-ionizing. —
ay

— Hanging device + low stress film. SPICE/HeRALD gy
[Pretiminary | 2

— Day 15

The low coverage device’s energy resolution

improves over time as the LEE rate decreases! -
Noise drops as

run progresses

* The LEE spectrum extends to below threshold.
* The LEE also prevent us reaching the
theoretical energy resolution.

Power Noise (W/rt(Hz))

._.
S

10*

Frequency (Hz)

CPAD Talk 2023 (stanford.edu)
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Low stress low Tc films

First attempt with tungsten film.
Low Tc achieved. Not low stress.

Good results from Ir/Pt bilayer samples from
Argonne National Laboratory.

TES fabrication finished. Tests on going!

Xinran Li, DBD23, Waikoloa Village, Hawaii | BERKELEY LAB
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https://indico.slac.stanford.edu/event/8288/contributions/7753/attachments/3716/10089/CPAD_Chang_07Nov2023.pdf

Proof-of-principle HeRALD detector operation

Prompt Triplet

Cs superfluid helium stoper demonstrated. & ittt Sintilation

Photon and quantum evaporation signals observed. .
Evaporation

| |

145eV energy threshold. : : ~:= "
| |
| |

Ready to explore very interesting helium physics!
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https://arxiv.org/pdf/2307.11877.pdf

Proof-of-principle HeRALD detector operation

Cs superfluid helium stoper demonstrated.

Photon and quantum evaporation signals observed.
22Cf Dataset: Selected Waveforms

145eV energy threshold. le-6

' ' i ics! 1.0
Ready to explore very interesting helium physics! A NR: Enhanced  .ccomac

i :
{ A / Evaporation Preliminary

Clear discrimination between electron recoil and
nuclear recoil.
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Two channel devices

Path to LEE background rejection

Helium readout with split CPD Two TES channels on one
silicon substrate

Need to improve triggering

SPICE 0.25% Device, Background Events

algorithm 5

Energy in Right Channel, Phonon Calibrated (eV)
~N

.. “Singles”

SPICE/HeRALD
Preliminary

.. “sSingles”
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Second HeRALD detector at LBL

LN
iy

. ! Tom
* Improved design for D)y Regiofls

better Cs deposition. | = S

- 2 by 2 readout arrays .
on top and bottom.

* Helium electron recoil
and neutron recoil
calibration.

*  Quantum evaporation
efficiency and gain
calibration.

Xinran Li, DBD23, Waikoloa Village, Hawaii | BERKELEY LAB 24



Photos for reference Volodymyr
From https://www2.kek.jp/qup/en/member/ A e

Underground experiment preparation ==

Suerfu Burkhant

Underground labs — g“’ e
US - SURF France - Modane - LSM Japan - Kamioka
Space ready in 2025 Project presented to French Commissioning: ~mid 2024.
Planning for 2 payloads community since Oct 2022. Science payload:
Planning for 1~2 payloads. ~10g-yr exposure
~20eV threshold.

Existing

To be added

Xinran Li, DBD23, Waikoloa Village, Hawaii | BERKELEY LAB ~25



Underground experiment preparation

Low background environment

1 DRU shielding Zero vibration cooling
Simulation + engineering design

Cryogenic transfer lines

PT420 Pulse
tube cooler

—

!

Nitrogen pot

Helium pot

Nishield €Yo fan
Vacuum can

il

Dilution refrigerator

Xinran Li, DBD23, Waikoloa Village, Hawaii | BERKELEY LAB

EMI/RF/IR shielding

Parasitic noise power from
EMI/RF/IR is the limiting factor to go
to lower energy threshold.

« Improve fridge RF tightness.

* Improve detector holder IR
tightness.

«  Filter EMI/RF/IR from TES
bias.

26
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Conclusion

TESSERACT has a strong collaboration and we are building up momentum.
The goal is to explore the large parameter space from 1GeV to 1keV dark matter
mass with various target materials.
10g, 10eV silicon device obtained world-leading results.
Results from ~1eV threshold device on the way.
Successfully demonstrated superfluid helium detector with film stopper and quantum
evaporation signals. Next iteration detector will be ready soon.
Reduce background:
Reduce film stress.
Reject single events in two-channel devices.
Simulation and engineering design for underground experiments goes in parallel.

Thank you!
Questions?
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HeRALD detector concept and helium response

1 Nuclear Recoil Electron Recoil
Phys. Rev. D 100, 092007 (2019) - '
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092007

HeRALD detector quantum evaporation

Phys. Rev. D 100, 092007 (2019)
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o 2 :
| - (.
o A j i :
- N e e S
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: ",S' Si: ~10 meV ?
i+ AlOs: ~20 meV ?

Transmission Prob. (L)

Amplification by surface adsorption

p [keV/c]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092007

Athermal phonon sensor energy resolution

TES noise is limited by the thermal fluctuation noise of the thermal link G between the TES and the

bath.
¢4kagG(Tcollect -+ Tsensor)
OF ~
€collect€sensor
o~ ~ 3/2
Thermal phonon TES sensor:z~C__. . /G — o~ T,

Athermal phonon sensor: Thanks to extra freedoms from the phonon collection fins, = can be

engineered to match (the time scale of electrical-thermal feedback) — o .~ Tc3

collect
sensor
* Lower Tc

* Optimization of phonon and quasiparticle collection efficiency.

Caleb Fink Thesis
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https://escholarship.org/uc/item/6kt0d8mw

LEE event spectra from various experiments.
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arxiv: 2202.05097
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https://arxiv.org/pdf/2202.05097.pdf

Multi-phonon creation in crystals

Gains additional sensitivity at sub-eV

Si, Massive Scalar Mediator, o, = 107** cm?

1.0 x10® my = 10 MeV : %106 m, = 100 MeV
:. ——— Total Differential Rate
% 081 44 -==- Nuclear Recoil Approximation
=
5061 |t 34
= 1
B '.
5041 [0 2 1
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_E|30.2 7 | B B B W WP B W A W o et Lt T
b \
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Multi-phonon creation in crystals

Si, Massive Scalar Mediator

Gains add v
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CPDv2 design

Xinran Li, DBD23, Waikoloa Village, Hawaii | BERKELEY LAB

TES length 140 pm
TES Thickness 40 nm
TES width | 2.5 pm
Ny, 6

Fin Length 150 pm
Fin Thickness 600 nm
Al/W Overlap 20 pm
Nget 673
Active Surface Area 0.68%
Passive Surface Area | 0.18%
R, 200 m{)
QP Abs Efficiency 52%
Tot Efficiency 18% (Simulated)
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